Aim The composition of species in any given island community may directly reflect the processes of immigration such that species on a more remote island comprise a nested subset of those on the nearest less remote land mass. Alternatively, new species can arise on islands by less frequent colonization but subsequent evolutionary differentiation. In the current study the species composition of spiders is examined in native communities on three remote oceanic archipelagoes to test hypotheses concerning the relative importance for species accumulation of (i) immigration from the nearest land mass, vs. (ii) in situ speciation.
INTRODUCTI ON
The nature of communities is fundamental to our understanding of community ecology and evolutionary biology. Of particular importance is how communities are formed, whether by immigration only, or by adaptive diversification from a few colonists (Schluter & Ricklefs, 1993) . For islands, ecological theory is largely based on the concept that communities are formed as a consequence of immigration and extinction (MacArthur & Wilson, 1963 , 1967 , although the pattern may not be random (Whittaker, 1998) . Moreover, the composition of species on any island is generally considered to represent a subset of the species found on the nearest island that is larger and/or closer to a source of colonists, a pattern termed 'nestedness' (Kadmon, 1995; Whittaker, 1998) . In contrast, evolutionary studies on remote islands have suggested that the composition of species on any island may be dictated largely by local adaptation, with single (or few) colonists proliferating to give rise to similar communities as a result of evolutionary convergence (Losos et al., 1998) .
The Pacific Ocean, the world's largest water body, contains about 25,000 islands, more than the total number in the rest of the world's oceans combined (Fig. 1) . These islands display a broad spectrum of geographical attributes, with continental fragments, volcanic hot-spots, and atolls scattered across a huge range of isolation. Perhaps the best known Pacific archipelago is that of the Hawaiian Islands which, because of its isolation and topographical diversity, shows high levels of endemism for terrestrial organisms (c. 90-98%), with numerous and spectacular examples of adaptive radiation . Some of the best examples of adaptive radiation in Hawaii come from arthropods, as revealed by the classic studies on Drosophila (Carson & Kaneshiro, 1976) . More recent studies on a broad spectrum of arthropod lineages have led to new insights into the uniqueness of the biota and patterns and processes of evolution in the islands (Wagner & Funk, 1995; Liebherr & Polhemus, 1997; Roderick & Gillespie, 1998) .
The high island archipelagoes of the Societies and Marquesas share much in common with the Hawaiian Islands, each archipelago having been formed from a drifting oceanic hot spot resulting in a chain of islands arranged chronologically. In addition, the Societies and Marquesas form with Hawaii a continuum of extreme isolation, with the Hawaiian chain the most isolated, the Societies the least (Gillespie & Roderick, 2002) , and each would have provided abundant ecological opportunity for those colonists that were successful. These circumstances have provided conditions for adaptive radiation in the southern archipelagoes, as evidenced by the results of the Pacific Entomological Survey in the 1930s (Adamson, 1939) and by more recent and extensive studies on snails (Murray et al., 1993; Johnson et al., 2000) and simuliid flies (Craig et al., 2001) , with observations on other groups in specific localities, such as the weevils of Rapa (Paulay, 1985) .
One of the most interesting findings from the Pacific Entomological Survey was that certain commonalities exist in the arthropod faunas across different remote Polynesian archipelagoes, the basis for which was hotly debated in the earlier part of the twentieth century (Adamson, 1939) . The controversy focused on the existence, or lack thereof, of former land connections in the Pacific. J.W. Gregory (Gregory, 1930) espoused the view that there were extensive land masses in the area currently occupied by the Pacific depression, which were submerged around the early tertiary, the current fauna being relicts of the biota that arose on this large land mass. This view was based almost entirely on biological evidence. For example, many of the mid-Pacific islands have endemic species of Lepidoptera in a small number of genera (Meyrick, 1935a,b) : Asymphorodes (Cosmopterygidae), Dichelopa (Tortricidae), Scoparia and Mestolobes (Pyraustidae), and Ernophthora (Phycitidae). That groups are apparently shared across the different islands supported the idea that a large continent existed in the central Pacific connecting islands from Rapa to the Marquesas, and the Societies to Pitcairn, with ancient connections to Hawaii.
A contrary view, represented in the work of H.E. Gregory (1928) , was that the islands within the Pacific depression are of oceanic origin and acquired their faunas by overseas dispersal. It is now well known that this is indeed the case: there were no land connections between the remote archipelagoes of Polynesia. So how can we account for the apparent similarities of certain components of the faunas on different island groups? One possibility that has been advanced frequently is the use of intervening islands as stepping-stones to more remote islands (Adamson, 1939) , with similarities between islands explained by non-random colonization from one archipelago to the next. Another hypothesis is that certain taxa tend to be dispersive by nature and such taxa might be expected to colonize remote islands, perhaps independently and/or repeatedly (Gillespie & Roderick, 2002) .
The current study compares patterns of immigration and evolutionary change in a lineage of spiders in the long-jawed orb-weaving genus Tetragnatha in three remote island archipelagoes and examines the hypothesis that less remote islands groups functioned as stepping-stones to those that are more remote. Tetragnatha spiders are well known in continental areas, being widespread and conspicuous although generally homogeneous in both morphology (elongate bodies and long legs) and ecology (orb web generally built over or near water) (Levi, 1981; Gillespie, 1987) . However, the situation in the Hawaiian Islands represents a paradox, with a large radiation of endemic species of Tetragnatha, the diversity of which spans a tremendous spectrum of colours, shapes, sizes, ecological affinities and behaviours (Gillespie & Croom, 1995; Gillespie et al., 1997) . Many species are web building, with striking patterns, colours and structural modifications of the abdomen that allow concealment within the specific microhabitats that they occupy (Oxford & Gillespie, 2001) . Some species have structural modifications of the cheliceral armature, which allow specialization on specific prey types. One entire clade of sixteen species (the 'spiny leg' clade) has abandoned web building, with the concomitant development of long spines along the legs and the adoption of an extremely vagile, cursorial predatory strategy (Gillespie, 1991) . This clade is monophyletic, and is closely related to the other lineages of web-building Hawaiian Tetragnatha (Gillespie et al., 1994 (Gillespie et al., , 1997 . Within the clade, similar sets of species are found in most localities on all islands and within a locality that can be characterized as 'green; leafdwelling', 'maroon; moss-dwelling', and 'gray/black; barkdwelling'. Initial studies based on morphological characters suggested that differentiation between species has never occurred on the same mountain mass: hypothesized sister species were never found on the same volcano, or even on the same island (Gillespie, 1993) . However, more recent molecular information has shown a different pattern within the spiny-leg clade; species on any one island are generally most closely related to each other and similar sets of ecological forms appear to have evolved independently on the different Hawaiian Islands (Gillespie et al., 1997) . This result therefore provides support for the importance of evolution and adaptive radiation in community formation within an archipelago.
Given that adaptation and convergence have played a prominent role in the occupation of ecological space in genus Tetragnatha in the Hawaiian Islands, the questions I examine here are whether this same theme is found between and within the other remote archipelagoes of the Pacific and whether the spiders have used less remote archipelagoes as stepping stones to those that are more remote. Knowledge of the Tetragnatha fauna in the Pacific islands outside Hawaii is limited and until recently the genus in the Society and Marquesas islands was notable for its poor representation compared with the large radiation in the Hawaiian Islands (Berland, 1934 (Berland, , 1942 . However, expeditions in the year 2000 revealed that the islands actually have a number of endemic Tetragnatha in the high elevation forests (Gillespie, in press a, b) . The goals of the current study are: (1) to determine the relationship between lineages on different archipelagoes and test the hypothesis that these spiders colonized via island stepping-stones; (2) to make a preliminary assessment of the relative importance of immigration vs. in situ diversification in species accumulation within archipelagoes. Undescribed species were included in the analysis and are designated by a provisional species name in quotes, preceded by the abbreviation 'nsp'. These names are not to be taken as valid combinations nor species epithets; all are being described in a separate publication (Gillespie, in press a, b) .
M E T H OD S Collections

DNA Sequences
Two mitochondrial regions were sequenced: (i) Cytochrome oxidase subunit I (COI). A 768 bp region was amplified using primers LCO-1628 (ATAATGTAATTGTTACT-GCTCATGC), and HCO-2396 (ATTGTAGCTGAGGTAA-AATAAGCTCG); (ii) 16S ribosomal DNA. A 508 bp region was amplified using primers A (CGCCTGTTTATCAAAAA-CAT) and B2 (CTCCGGTTTGAACTCAGATCA) (12864-13417 in Drosophila) (Palumbi, 1996) . The PCR reaction mix contained primers (0.48 M each), dNTPs (0.2 mM each) and 0.6 U Perkin-Elmer (Foster City, California) AmpliTaq Ò DNA polymerase (for a 50 lL reaction) with the supplied buffer and, in some cases, with an extra amount of MgCl 2 (0.5-1.0 mM). The amplification profile used twenty-five iterations of the following cycle: 30 s at 95°C, 45 s at 42-48°C (depending on the primers) and 45 s at 72°C, beginning with an additional single cycle of 2 min at 95°C and ending with another one of 10 min at 72°C. PCR results were visualized by means of an agarose/ TBE (1.8%) gel. PCR products were cleaned using Geneclean Ò II (Bio 101) or QIAGEN QIAquick PCR Purification Kits following the manufacturer's specifications. DNA was sequenced directly in both directions through the cycle sequencing method using dye terminators (Sanger et al., 1977) and the ABI PRISM BigDye TM (Applied Biosystems, Foster City, California) Terminator Cycle Sequencing Ready Reaction.
Sequenced products were cleaned using Princeton Separations CentriSep columns and run out on an ABI 377 automated sequencer. Sequence errors and ambiguities were edited using the Sequencher 3.1.1 software package (Gene Codes Corporation, Ann Arbor, Michigan, USA). Manual alignments took into account the secondary structure of 16S. Alignment of the protein coding COI was straightforward as no length variation was observed in the sequences. For each species, two to five individuals were sequenced. Relationships between taxa were examined using the consensus sequence for each species, with differences between individuals within species coded as a polymorphism.
Phylogenetic methods
Phylogenetic hypotheses were reconstructed using two methods for the sequence data: (i) Maximum parsimony was used as the optimality criterion. Branch support was assessed using the bootstrap method with 200 pseudo-replicates and full heuristic searches. Characters were weighted (transversions: transitions) 2 : 1. Of 1200 total characters, 725 were constant, ninety-five were variable but parsimony-uninformative, and 380 were parsimony-informative. (ii) Distance was used as the optimality criterion (minimum evolution) with maximum likelihood used as the distance measure. Branch support was again assessed using the bootstrap method with 200 pseudo-replicates and full heuristic searches. Negative branch lengths were allowed, but set to zero for the tree-score calculation. Nucleotide frequencies (empirical frequencies) used in the analysis were as follows: A ¼ 0.290; C ¼ 0.151; G ¼ 0.166; T ¼ 0.393. All sites were assumed to evolve at the same rate. These settings correspond to the Hasegawa-Kishino-Yano model (HKY) (Hasegawa et al., 1985) . The transition/transversion ratio was estimated based on maximum likelihood (estimated as 2.464166). Starting tree(s) were obtained via neighbour-joining.
RESULTS
For the range of genetic distances encompassing the major clades of Hawaiian, Marquesas and Society island Tetragnatha both transitions and transversions increased linearly when plotted against Tamura (1992) distance suggesting that both transitions and transversions are phylogenetically informative at this level and that the data, even at third positions, are not saturated (Gillespie et al., 1997) . For the greater distances between the representatives on different archipelagoes and on continents, transversions are still informative, although transitions show evidence of saturation.
Phylogenetic relationships among representatives from the different archipelagoes show the following (Fig. 2) : (i) the endemic taxa in the Hawaiian Islands fall into three major clades: the spiny leg clade, as represented by T. obscura and T. anuenue; the large web-building clade, represented by the undescribed 'Elongate Forest' and T. albida, and the single species, T. hawaiensis, that occurs on all the Hawaiian Islands. This result agrees with similar results from previous analyses of 12S mtDNA (Gillespie et al., 1994) . (ii) The endemic taxa in the Marquesas Islands used in the current study are monophyletic, with multiple species within the archipelago. Examination of relationships among the Marquesan taxa shows that these species have probably differentiated between islands, with multiple representatives now co-occurring in certain localities (in particular, Nuku Hiva) ( Fig. 3) . (iii) The known endemic taxa in the Society Islands appear to stem from two independent origins.
Examination of relationships between taxa on different archipelagoes shows that those found on each island group appear to have different origins. From the taxa included in the study, the group most closely related to the Tahitian endemic fauna is a weakly supported clade that includes T. maxillosa (from Australia and a likely recent introduction to much of the eastern Pacific), T. tenuissima (from the Caribbean and Central America), T. macilenta (a widespread Pacific species, possibly native to the Society Islands, but found no farther east) and T. valida (from Australia). The group most closely related to the Marquesan fauna Tetragnatha viridis was used as an outgroup, based on previous analysis at deeper phylogenetic levels (Gillespie et al., 1994) . Boxes represent the endemic species of the three different archipelagoes: Societies, Marquesas (Marq.) and Hawaiian Islands. Other location abbreviations: Prto Rico, Puerto Rico; Aus, Australia. Branches with bootstrap support of > 50% are shown at the nodes; all other branches have been collapsed. appears to be the cosmotropical T. nitens (populations in this study included one from each of Indonesia, the Caribbean island of Puerto Rico, and Moorea). Closest relatives to the Hawaiian taxa appear to be the mainland American species T. laboriosa and T. caudata and possibly also T. pallescens (Gillespie et al., 1994) .
DISCUS SION
As in the Hawaiian Islands, Tetragnatha spiders are an important component of the biota in the high elevation forests of the islands of the Marquesas and Societies. Moreover, there are multiple species in any one locality in the Marquesas and Societies, as in Hawaii, although (based on current information) the diversification seems to be much less pronounced. The species in the Marquesas seem to be monophyletic, while those in the Society Islands appear to represent at least two colonization events. The cosmotropical species T. nitens shows a very interesting pattern of phylogeography, with close affinities between populations from Puerto Rico and Indonesia and with the endemic Society Island species falling within the clade of T. nitens populations. It is not clear whether the populations of T. nitens itself that occur at low elevations in the Societies and Marquesas are indigenous. Tetragnatha macilenta is a widespread Pacific species that may be indigenous to the Society Islands, but is not found in the Marquesas. Tetragnatha macilenta is unrelated to the other Society Island taxa. Finally, T. maxillosa is widespread from Australasia through the Pacific, and is almost certainly a recent introduction to the Society Islands, with populations from Raiatea, Tahiti and Australia showing virtually identical DNA sequences.
The current study is the first documentation of diversification in Tetragnatha within the Marquesas and Society islands, the pattern of which appears to be analogous to that in the Hawaiian Islands. The apparent similarity between these archipelagoes is reminiscent of the earlier findings of others that prompted the suggestion that these Polynesian islands must have had some ancient connection (Meyrick, 1935a) . We now know that this is not the case and that the three archipelagoes were formed independently as a result of oceanic volcanism. An alternative explanation therefore is that the archipelagoes have served as 'stepping stones' from one to the other. This suggestion corresponds with the concept of island biotas as nested subsets, such that species composition on any one island represents a non-random subset of the species found on the island ranked above it (Kadmon, 1995) . Therefore, coarse examination of the presence of the same genus on all three isolated islands might lead one to assume that its presence on one island archipelago is a function of its presence on the next less isolated archipelago, as has been documented for a range of taxa across the Pacific, including birds and marine organisms (Whittaker, 1998) .
However, the results of the phylogenetic analysis indicate clearly that Tetragnatha on any of the three archipelagoes are unrelated to those on the other archipelagoes. Although we do not have full representation of the genus world-wide, we have sufficient evidence now to show that species on each of the archipelagoes are more closely related to continental and/or widespread circumtropical species, than they are to representatives on the next less isolated island group. That species on one archipelago did not give rise to those on other archipelagoes is not entirely surprising; it is well known that native taxa well represented on these islands tend to have reduced dispersal abilities (Howarth & Mull, 1992) . Accordingly, the endemic species of one of these archipelagoes may be unlikely colonizers of other archipelagoes (Gillespie & Roderick, 2002) .
Yet, how is the similarity of taxa on the different remote archipelagoes explained? Ecological and behavioural studies of continental Tetragnatha world-wide suggest that they tend to be very effective at over-water dispersal as a result of their typical habitat over water and their ability to balloon (Okuma & Kisimoto, 1981) . Aerial sampling has shown that, although the genus is poorly represented among the spider plankton over continental land masses (Glick, 1939) , in samples collected offshore (400 km from land in the China Sea) Tetragnatha have been found to comprise 96% of the aerial spider plankton (Okuma & Kisimoto, 1981) . This extraordinarily high representation of Tetragnatha over the open sea suggests that the genus might be the most important of spiders in colonization of islands. Indeed, the genus was found to be among the first and most persistent colonists on mangrove islands in the Florida Bay (Simberloff & Wilson, 1968) . Moreover, the finding that there have been multiple colonizations of the Hawaiian Islands by representatives of this genus is also consistent with these observations (Gillespie et al., 1994) . Therefore, based on the results of the current study, it appears that representatives of Tetragnatha from different continental origins have colonized each of the remote archipelagoes of the Societies, Marquesas and Hawaii. Once the spiders reached the islands, in each case they have formed endemic lineages, the most diverse (based on current information) being those in Hawaii. These endemic lineages have each diverged from the ancestral riparian habitat, with their highest diversity in the high elevation forests of the various islands. Concomitantly, the spiders share a number of traits across islands, although the similarities appear to be entirely because of convergent evolution in similar environments. Independent colonization of the different archipelagoes by Tetragnatha spiders has led to adaptive diversification in such a way as to exploit the ecological opportunities presented on the different archipelagoes in a similar manner. Her main research interests are the biogeographical patterns and underlying ecological and evolutionary processes that govern the formation of populations, species and communities, on isolated landmasses. She has also published on conservation issues affecting arthropods on islands. Most recently she has been working on different populations and species of spiders to understand patterns of fragmentation, colonization and the development of similar ecological forms, often with very different evolutionary histories, within and between island systems.
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